We present recent achievements in the application of optical diffraction radiation (ODR) to the measurement of the transverse beam size of a 1.3 GeV micrometer-size electron beam performed with an instrument installed in the extended extraction line of the KEK Accelerator Test Facility. ODR is a recent technique for the measurement of the transverse size and emittance of highly relativistic particle beams. ODR has the advantage of being a noninvasive and relatively inexpensive technique and is a candidate for the operation of linear particle accelerators, where no simple alternatives (e.g., synchrotron radiation) are available. In an effort to improve the resolution and performance, we establish an alternative target microfabrication technology, adopt solutions to improve the signal-to-noise ratio, and perform an experiment in the UV spectrum at 250 nm. With such a configuration, a transverse beam size as low as 3 μm is measured, drastically improving on past measurements reported in the literature. In light of these results, ODR, when combined with a high-resolution optical-transition-radiation monitor, represents a credible diagnostics solution for low-emittance high-intensity particle beams.
I. INTRODUCTION
In particle accelerators, the measurement of the particle beam's transverse profile is a key diagnostic for the assessment of the beam emittance and for safe operation of the machine [1, 2] . Since the early years of operation of accelerators, several methods and techniques for measurement of the transverse beam profile have been developed and tested. These include the insertion of metallic wires or grids into the beam path to generate secondary particles (e.g., photons or electrons) [3] , the injection of gas into the beam path volume to generate ionization or fluorescence [4, 5] , and the analysis of synchrotron radiation (SR) from bending magnets or undulators [6] . Here we restrict our attention to a method, perhaps one of the most widespread ones, that relies on the use of optical transition radiation (OTR), an effect discovered by Ginzburg and Frank in 1945 [7, 8] . OTR refers to the emission of broadband electromagnetic radiation when a near-relativistic charged particle crosses a boundary between media with different dielectric constants [8] . OTR is emitted through the fast polarization of the atoms of the transition medium (e.g., a metallic sheet in vacuum, often referred to as an "OTR screen") by the electromagnetic field associated with the moving particle. The popularity of OTR in the field of accelerator beam diagnostics is due to a number of advantages: a high light yield of approximately 1 photon per 100 particles; a simple and rather inexpensive experimental setup where the beam profile corresponds, in most cases, to that of an OTR source produced by a metallic screen inserted in the beam path; the possibility of working at different wavelengths; and the temporally "instantaneous" emission, which allows one to recover the temporal profile of the particle beam. OTR can still be used in the case of small micrometer-scale particle beams, where the beam size is measured from the visibility of the so-called point spread function (PSF) [9] . Notwithstanding these advantages, OTR is an invasive method; that is, the particle beam must cross a thin (e.g., a few hundred micrometers) metallic sheet inserted into the beam path. As such, OTR screens might perturb the beam and cause an emittance blowup and a shower of secondary particles due to the interaction with the screen material. Another case, very relevant in high-energy physics, where OTR screens cannot be used is in colliders for particle-physics experiments, where very intense beams are present to maximize the occurrence of collision events and minimize the residual background of the detector. In such a case, the energy deposition inside the OTR-screen material becomes so high that the melting temperature can be exceeded, causing irreversible damage to the screen [10] . For this reason, noninvasive techniques are required in colliders or in any accelerator with a very intense beam. The state of the art in noninvasive (i.e., techniques that do not perturbing the particle beam to be measured, or do so minimally) transverse-beam-profile and emittance diagnostics for ultrarelativistic electron and positron beams is based on the so-called laser-wire technique [11] [12] [13] , where a thin laser beam is scanned across a particle beam and inverse-scattered photons are registered downstream. This technique requires an expensive laser, sophisticated final focus optics, and a team of experts to operate the system. We focus our attention on a simpler and cheaper alternative: optical diffraction radiation (ODR). ODR was proposed in 1997 by Castellano [14] as a beam size measurement technique. ODR can be considered as a noninvasive version of OTR, as it shares the same light-emitting physical process. In ODR, in fact, the particle beam passes through a narrow rectangular aperture in a metallic foil, instead of going through the foil, and therefore only a very minute fraction of the beam energy is dissipated in the target in the form of heat. This poses no limitation on the use of ODR as a technique in high-intensity colliders, where charge densities in excess of 10 8 nC/cm 2 are present [15] . In addition, ODR does not perturb the beam emittance. The method for detection of ODR is in principle simple and very similar to that for OTR, that is, an optical instrument that allows one to record the angular distribution of the ODR intensity with a camera. It is in fact possible to extract particle-beam parameters such as the beam size (i.e., beam emittance), the angular divergence, and the position at the slit location, knowing precisely the dimensions and the alignment of the slit; the effect of these parameters has been studied in detail by several authors [14, 16] . The first attempt to apply this method to beam diagnostics was reported in Ref. [17] , followed by several subsequent studies [18, 19] . The best reported sensitivity to beam size (14 μm) was achieved in the optical wavelength range, a very promising result for a noninvasive technique but nevertheless not sufficient for future linear colliders, where a resolution smaller than 10 μm is required. Despite these advantages, ODR is still an "expert" technique and, to the knowledge of the authors, is not used in the operation of any collider or light source where either tolerance to high intensity or noninvasive techniques are needed. In the opinion of the authors, this is mainly due to some of the technical challenges associated with the fabrication of a target of optical quality with micrometer-size apertures, the need to reduce the SR background reflected by the target, and the complex data extraction.
In this paper we report a study of an alternative approach, investigated in the framework of linear-collider studies [20] , that relies on the combined use of OTR for single-bunch operation (low charge), and on its noninvasive version, ODR, for full-beam operation. The OTR and ODR instrument is installed in the extraction line of the Accelerator Test Facility (ATF) at KEK (Tsukuba, Japan) for the measurement of micrometer-size beams. The low emittance of the ATF (12-30 pm) at the exit of the damping ring makes the contribution of the angular divergence of the beam (approximately 2.6-6 μrad) negligible in the ODR beam size measurements [18, 21] . To ensure sufficient resolution, the optical instrument is designed to record radiation at different wavelengths, down to the UV range at 250 nm. After preparatory experiments [22] , a procedure for the fabrication of a suitable ODR target is established, with several prototypes produced at the École polytechnique fédérale de Lausanne (EPFL). Such a target consists of a series of rectangular micrometer-scale apertures on an optical-grade substrate that, when used after a mask, allow one to reduce significantly the SR background. Optical simulations derived from previous OTR studies by our group [23, 24] are performed to confirm analytical beamsize predictions with ODR data [18] . OTR measurements can be easily performed with the same instrument to crosscalibrate ODR data and provide complementary measurements for low-intensity beams. The paper summarizes all technical challenges met during the experimental work, the solutions found, and the main achievements demonstrating the performance of the instrument.
II. INSTRUMENT

A. Overview
The experimental system is installed in the ATF2 beam line [25] , as shown in Fig. 1 , behind two strong quadrupoles that focus the beam to a vertical size varying from a few hundreds of nanometers to tens of micrometers [21] . The instrument is designed to measure the far-field angular distribution of the ODR, as this carries the information about the beam size [14, 17] . Figure 2 provides a schematic drawing of the optical instrument. We refer to the letters in the figure to describe it. The electron bunches (e − ) travel over a mask (a) before passing through the target slit (b). The distance between the mask and the target ("dist") is 123 mm. Considering the wavelength (λ) observed during the experiment, this distance represents a fraction of the radiation formation zone (L f = γ 2 λ/2π ); in particular, dist ≈ 0.3L f for λ = 400 nm and dist ≈ 0.48L f for λ = 250 nm [18, 26] , meaning that interference between the diffraction radiation produced from the mask and from the target must be taken into account 014041-2 in the analysis, as shown in Ref. [18] . The far-field angular distribution of the radiation emitted by the ODR target (b) is measured by placing the imaging sensor in the back focal plane of a lens (g). The efficiency of such a measurement scheme was investigated experimentally in Ref. [27] . Furthermore, the setup is designed to allow both imaging of the target and recording of the angular distribution of the radiation to be done at the same time [28] . The imaging line (i) is used to center the target on the beam, and can be used as an optical beam position monitor (BPM), with the beam position deduced from the intensity imbalance between the two slit edges [29] .
B. Mechanical installation
The instrument consists in a vacuum chamber installed on the main beam line, equipped with actuators to control the position of the target and mask (see Sec. II D), and UV-grade fused-silica viewports to send the radiation emitted by the target towards an optical instrument that records it in the visible and UV range. Figure 3 In the case of the ODR target, the rotation and transverse position can also be controlled remotely.
On the opposite side of the vacuum chamber with respect to the two UV-grade fused-silica viewports, an actuator allows the horizontal insertion of an additional SR mask, and a second DN63CF flange is used to connect a NEXTorr D100-5 vacuum pump [30]. On the same side, there are two small viewports (DN16CF), tilted at angles of 45 • and 135 • , that are used for optical-alignment purposes. When the ODR target and mask are not inserted into the beam line, a replacement chamber can be inserted from underneath between the DN40CF flanges to suppress the transverse wake field of the incoming beam, which can enlarge the beam size at the interaction point at the end of the ATF2 beam line. The replacement chamber is composed of an aluminum pipe of the same inner diameter as the main ATF2 beam pipe. Radio-frequency gaskets made of copper-beryllium alloy provide electrical contact with the main beam line. To obtain micrometer precision in the positioning of all components, the actuators are remotely controlled with stepper motors and encoders.
C. Optical lines
In this section, we refer to the letters in Fig. 2 to describe the optical line. The light is extracted through the 90 • viewport, passes through a motorized polarizer (UVT260A-25 from Moktek) (c) to select the desired polarization, and is split into two independent optical lines via an 8:92 opticalpellicle beam splitter (BP208 from Thorlabs) (e): one to create an image of the source, and the other to observe the angular distribution. A 2-inch-diameter planoconvex lens with a focal length of 250 mm (LA4538 from Thorlabs) (d) is installed before the beam splitter so that it is used in both optical lines. The lens is made of UV-grade fused silica without any coating, to allow light transmission from 014041-3 the far UV (200 nm) to the visible wavelength range up to 700 nm. The imaging optical line consists of three 2inch UV-enhanced aluminum mirrors (PF20-03-F01 from Thorlabs) (h) that collect the light reflected by the beam splitter (8%), to direct the radiation to a gated intensified CCD camera (dicam pro with a GaAs photocathode from PCO [31] ) (i). The mirrors, suitable for a 250-700-nm spectral range, are chosen to increase the distance between the lens and the camera so as to have the desired magnification on the CCD (×1.8 after demagnification due to the internal optical coupling of the intensifier CCD). In the angular-distribution optical line, the detection system is positioned directly in front of the beam splitter so that it can collect 92% of the radiation transmitted. A remotely controlled filter wheel (FRM 40-6-D25-HSM from OWIS [32] ) (f) with a set of 1-inch band-pass filters is installed just before the detector to select different observation wavelengths and bandwidths. The filters used during data acquisition are the following: Thorlabs FB400-10 (center peak wavelength 400 nm, FWHM bandwidth 10 nm), Thorlabs FB400-40 (center peak wavelength 400 nm, FWHM bandwidth 40 nm), Thorlabs FB600-40 (center peak wavelength 600 nm, FWHM bandwidth 40 nm), eSource optics 25250FBB (center peak wavelength 250 nm, FWHM bandwidth 40 nm), and Andover 232FS10-25 (center peak wavelength 232 nm, FWHM bandwidth 10 nm). The detector is a gated image intensifier unit coupled to a scientific CMOS camera (g). The intensifier (C9547-04 from Hamamatsu) is a double-stage microchannel plate (MCP) with a multialkali photocathode sensitive down to 200-nm wavelength [33] . The camera (Edge 4.2LT from PCO [34]) is chosen for its very low readout noise (a mean value of 0.8 electrons). The camera and the intensifier, coupled by a relay lens (A11669 from Hamamatsu), are installed on a remotely controlled translation stage (T-LSR150B-KT04 from Zaber Technologies) to scan across the direction of the incident light to find the back focal plane of the lens for the different observation wavelengths.
Since the image-intensifier technology is based on a MCP, the cameras can be gated to a very short time window (20 ns for the PCO camera and 5 ns for the Hamamatsu intensifier). This allows us to reduce significantly the background noise and to increase the signal-to-noise ratio.
D. Target specifications and fabrication steps
In the ODR technique, the particle beam passes through a narrow rectangular slit, where radiation is produced by the interaction of the electromagnetic field of the particles 014041-4
with the slit edges. The light yield of ODR decays exponentially as a function of the slit width d as e −d/h , where
is the radius of the effective field of the electron [14] , λ is the radiation wavelength, and γ = 1/ 1 − (v 2 /c 2 ) is the Lorentz factor. Any object placed within a distance h from the particle trajectory will emit diffraction radiation. For typical ultrarelativistic beam parameters (γ ∝ 1000) and wavelengths in the UV-vis range (200 nm ≤ λ ≤ 700 nm), the impact parameter falls in the range 30 μm ≤ h ≤ 100 μm. To provide a sufficient light yield, the slit width d must therefore be in the same range, while the slit must have a transverse length of a few millimeters to avoid perturbing the beam and to allow enough alignment tolerance.
In addition, the coplanarity between the slit edges must be kept below a fraction of wavelength (≤λ/10) to guarantee that the radiation produced by the two edges from the same particle sums coherently [22, 35] . To allow measurement in the UV range down to 200 nm, the coplanarity must therefore be better than 20 nm. Given the stringent requirements, and after a few unsuccessful attempts at outsourcing the fabrication of the ODR target, we decided to develop our own fabrication process at the Centre of Micro-Nano Technology (CMi) at the EPFL. The procedure that leads to the best results is the outcome of a year-long exercise of establishing the correct sequence to fulfill the requirements. We describe here the procedure for the production of the ODR target. The same procedure (except for the selective depolishing of the surface-see
Step 16 ) is applied to produce the SR mask, which has the same shape as the target but serves the purpose of blocking the SR produced by the dipoles and quadrupoles upstream. The substrate used is a 1400-μm thick monocrystalline silicon wafer of diameter 100 mm optically polished on both faces (surface roughness 0.3 nm rms). On this substrate, one ODR target and one mask, both with four slits, are produced with vertical sizes varying from a minimum of 49.7 μm to a maximum of 399 μm, as shown in Fig. 5 .
The process can conceptually be divided into three parts: (1) A crystal alignment procedure to obtain sharp slit edges, necessary for uniform ODR emission from the target. (2) Anisotropic etching of the slits in the silicon substrate, where the etch rates have to be taken into account in order to obtain the desired slit width on the opposite side of the silicon wafer. (3) Surface treatment, because a portion of the target is kept without apertures so as to have a flat highly reflective surface for OTR calibration (see Sec. III). Furthermore, a selective microsand-blasting treatment allows the background SR contribution during the ODR measurement to be reduced greatly. See Table I for an illustration of the fabrication steps. I. Target fabrication steps. The Si 3 N 4 coating layer is shown in blue, the AZ9221 photoresist in red, the ProTEK protective layer in yellow, and the MgF 2 -protected aluminum coating in green.
Step.
Cross
Step Cross no. section no. section (e) Step 5: after stripping the photoresist (shown in red), we perform silicon etching using potassium hydroxide (KOH) (23% and 80 • C) on a wet bench. In this step, we are now able to observe a small square for each dot due to anisotropic etching of the silicon by the KOH. The tilt of the squares allows us to retrieve the crystal orientation to within a precision of 0.1 • .
(f) Step 6: a 2-μm photoresist layer (AZ9221, shown in red) is again deposited by spin coating. (g) Step 7: the photolithography mask for the ODR slits is aligned using the best crystal orientation marks from the previous step, and the photoresist is developed after exposure.
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Anisotropic etching of slits in the silicon substrate
(h) Step 8: another plasma etching is used to clear the Si 3 N 4 left without photoresist.
(i) Step 9: the photoresist is stripped.
(j)
Step 10: a 10-μm protective layer (ProTEK, shown in yellow) able to withstand KOH attack is added on the back surface of the wafer to ensure that no punchthrough will happen on the 100-nm layer of Si 3 N 4 at the end of the slit-etching process.
(k) Step 11: a 14-h-long KOH (23% and 80 • C) etching gets through the 1400-μm-thick wafer. Since the siliconcrystal orientation is 100 , the anisotropic KOH etching goes 200 times faster in the vertical direction than when following the 111 tilted planes.
(l) Step 12: the protection layer is removed in a mixture of sulfuric acid and hydrogen peroxide (3:1).
(m) Step 13: the Si 3 N 4 left is then fully removed by hydrofluoric acid wet etching.
Surface treatment
(n) Step 14: to enhance the optical reflectivity of the ODR target surface, an 80-nm aluminum film is evaporated, followed by 30 nm of MgF 2 to protect against oxidation.
(o) Step 15: the wafer is diced into two rectangular ODR targets (20 × 75 mm 2 ), each one hosting four slits of different sizes separated by 10 mm (see Fig. 5 ). (p) Step 16: the last step consists in a selective microsand-blasting treatment using a metallic mask to protect the portions where an aluminum coating is required.
The batch of targets produced is characterized using an optical profiler based on phase shift interference (WYCO NT1000) that allows one to measure the 2D surface profile to within a precision of 0.3 nm over millimeter-scale areas. The measurement of a 56-μm slit presented in Fig. 6 shows that a coplanarity (that is, the flatness across the slit) within 10 nm is finally achieved. This slit is replaced by a slit with an aperture of 49.7 μm, shown in Fig. 5 , during the experimental campaign. All targets produced are inspected through phase shift interferometry, and only the ones that have surface properties similar to those shown here are actually used in the experiment.
III. DATA ANALYSIS AND RESULTS
This section contains the experimental procedure and the acquisition and analysis of the ODR data. We present the procedure as actually performed during a measurement shift at the ATF2 accelerator. After a preparatory phase where the particle beam orbit is optimized and aligned, OTR is used first to measure the beam size at the target location for various accelerator conditions. This allows us to provide a cross-calibration for the actual ODR measurements that are performed under the same beam conditions.
A. Synchrotron-radiation suppression
SR is the electromagnetic radiation emitted when charged particles are radially accelerated [36] . SR acts as an undesired background in ODR measurements, because the SR intensity can be similar to or higher than the ODR signal, resulting in destructive interference and poor reproducibility of the measurements [37, 38] . In particular, SR produced upstream and reflected from the internal beampipe surface copropagates quasicollinearly with the beam, so in the angular distribution created in the back focal plane of the lens it is concentrated in the center of the ODR angular pattern, causing an overestimation of the beam size. In particle accelerators, SR is generated not only in dipole magnets but also in quadrupole magnets when the particle beam has an offset with respect to the magnetic center, thus experiencing a dipole deflection. This deflection is routinely used in accelerators for beam-based alignment techniques [39] , to align quadrupoles with respect to the beam-orbit center.
Reduction of the SR background is an essential step for an accurate estimation of the transverse beam size, which involves the control of several beam and accelerator parameters such as the orbit and the current in the magnets (and so the strength of the radial acceleration). The insertion of a rectangular mask in front of the target is also essential to achieving the desired SR-background reduction. It has been demonstrated that destructive interference between ODR and SR disappears once the mask is inserted [40] . We describe here the procedure applied before any measurements. The first step of the SR-suppression procedure consists of optimizing the beam orbit using all the steering (corrector) magnets present along the beam line before the instrument to reduce the bending radius locally and to reduce the off-center position of the beam with respect to every quadrupole. The aim is to obtain a "flat" orbit that, after the optimization process, is within 600 μm from the field center as measured by the ATF2 BPMs in the vertical and horizontal planes all along the extraction line. The next crucial step is the alignment of the quadrupoles QM14 and QM15, which are the closest elements present before the instrument. This is necessary not only to reduce the SR background [28] but also to a have a stable position of the beam in the target slit when the quadrupole current is varied during scans, as required to measure the beam emittance [41, 42] . To align the beam with the magnetic centers of the quadrupoles, beam-based alignment is performed, by observing the deflection of the beam center on the target, inserted to produce OTR, through the imaging line. Quadrupoles are mounted on motorized translation stages and are moved transversely until the position of the beam impinging on the OTR target changes when the magnet current is varied. The SR reduction obtained with this technique is clearly shown in Fig.  7 , where the intensity profile of the angular distribution of the vertically polarized OTR is measured before and after orbit optimization. The angular pattern of OTR has a well-known two-lobe structure with a deep minimum in the center [9] . Since SR has a very low angle with respect to the beam propagation direction, its contribution will result in an increase in the signal at near-zero angle. It can be seen that, under the same beam conditions at the OTR-target location, the profile after optimization (solid blue line) reaches a level at zero angle that is considerably lower (of the order of 50%) than the same profile before optimization (dashed black line).
Another important contribution to the reduction of the SR is the mask present in the instrument that blocks part of the SR generated upstream in the beam line. Just as for the effect of orbit optimization, the presence of the mask was studied making use of the well-known OTR far-field distribution. Figure 8 compares two 2D images of the vertical polarization of the far-field distribution of the OTR recorded by the angular optical line. The presence of a spot in the middle of the pattern (focused SR) is clearly visible without the mask [ Fig. 8(a) ], which is removed when the mask (in this case a slit of width 399 μm) is inserted [ Fig. 8(b) ] [28] .
B. OTR calibration
The transverse beam size is obtained from ODR patterns that are calibrated against OTR data under the same beam-optics conditions. The reference value provided by OTR is calculated by the procedure presented in Ref. [43] . This allows us to establish a relation between the visibility (which we define in the present section) of the ODR pattern and the transverse beam size. The target is inserted so that the beam intercepts the flat (i.e., without slits) aluminized part of the target. OTR is therefore emitted and observed by the same optical system as that used for the ODR measurements, through the imaging line. Figure 9 shows the intensity of the vertically polarized OTR recorded when the beam is strongly focused vertically by quadrupole QM14, squeezing σ y . For such a small vertical beam size, the image of the particle beam is dominated by the OTR PSF, showing a two-lobe structure (Figs. 9 and 10). A procedure similar to the one described in Refs. [43, 44] is applied to extract the beam size. In particular, an automated quadrupole scan is performed with the QM14 magnet: the current is varied over a large range (from −90 to −50 A), and for each step of the current an image of the OTR is recorded. Then the OTR pattern with minimum visibility is selected, where the visibility is defined as the ratio between the minimum between the lobes and the peak values of the lobes, I min /I max . Since the intensities of the peaks are often not equal (there is a difference, less than 5%, that can be explained by an optical misalignment of the order of few micrometers), the maximum is calculated as the average value of the two peaks. The OTR profile with minimum visibility is the closest to the expected form for an ideal zero-size particle beam. Then this profile is convoluted with different rms Gaussian profiles that represent real beam sizes, as depicted in Fig. 10 . It is possible, in this way, to obtain a calibration curve of the visibility, measured on these convoluted profiles, against the added beam size, as shown in Fig. 11 . It can be seen that the curve saturates for small beam sizes of around 1 μm, showing the limit of the optical system for measuring very small beams. This is the result of a compromise, as the imaging line is on one hand used for OTR calibration, where high resolution (and magnification) is needed, but on the other hand also for monitoring the position of the beam with respect to the slits. In this case a large field of view is needed. A resolution of 1 μm is found to be an acceptable compromise. A third-order polynomial is used to fit the curve (orange solid line in Fig. 11 ). This allows us to associate a beam size with the measured visibility of the OTR during the quadrupole scan. Figure 12(a) shows the single-shot visibility versus the QM14 current measured from the OTR pattern. The error bars are the rms of the average visibility distribution over 100 images. As can be seen, the errors are bigger closer to a visibility value of 1, where the two-lobe pattern is almost invisible as it is convoluted with a beam size distribution much larger than the separation between the lobes. This makes the calculation of visibility extremely volatile in this area due to difficult peak fitting. In Fig. 12(b) , the beam size versus the quadrupole current is shown, using the relation found between the visibility values and the beam size ( Fig. 11 ). This allows a relation to be established between the beam size and the current in the QM14 quadrupole for a specific configuration of the accelerator, so that when the ODR angular profile is recorded under the same conditions it can be compared with the expected beam size. We would like to remark that this relation (between beam size and quadrupole current) depends critically on the incoming beam, which depends on the configuration of the accelerator, and the measurement should be repeated every time the machine optics is modified or when the machine is restarted after a shutdown, due to variability of the initial conditions (e.g., magnet hysteresis or photocathode laser fluctuations). The consistency of the OTR cross-calibration is verified by comparing the vertical beam size at the location of the instrument with a strategic accelerator design (SAD) [45] simulation. The beam-optics parameters measured during data acquisition are saved and used as input for the SAD simulation. The results of this comparison are shown in Fig. 12(b) as a solid orange line, in good agreement with the measured beam size.
In particular, the vertical beam emittance considered for the simulation is 34 pm. The emittance is also measured from the OTR PSF through a parabolic fit of the beam size squared versus the magnet current, depicted in Fig. 13 , using a well-known method described in the literature [41, 42] .
A second-order polynomial fit
is used, where x 2 is the beam size squared, 1/f is the inverse of the focal length or the quadrupole strength (kLq), and a, b, c are fit parameters. The measured emittance is therefore calculated as √ ac/d 2 , where d is the distance between the OTR screen and the quadrupole. From this fit, a value of 33 ± 3 pm is obtained for the emittance, which is in very good agreement with the simulated beam emittance.
C. ODR measurements
The first set of measurements is performed at 400 nm, a wavelength choice that provides a better resolution compared with other longer wavelengths and therefore better sensitivity to small beam sizes, but still in a region of the electromagnetic spectrum of the particles where relatively inexpensive and high-quality optical components are available "off the shelf." In Fig. 14(a) , a typical image of the angular pattern of the ODR vertical polarization, measured with a 400-nm filter and a 49.7-μm-wide slit is shown. The profile integrated between the two red lines is presented in 014041-9 Fig. 14(a) , and the orange solid line is obtained by an analytical calculation following the model presented in Refs. [18, 28] . Fig. 14(b) , showing a typical ODR angular pattern [46] . This image is acquired when the beam is strongly focused in the vertical direction by the QM14 quadrupole, leading to a very small visibility of the order of 0.05. Such small values of visibility could be reached after all of the preparatory steps described in the previous section to reduce as much as possible any stray SR light at very low angles that would have affected the visibility. However, as we will see, a visibility of 0.05 represents the sensitivity limit at 400 nm, as smaller transverse beam sizes do not translate into a variation of visibility.
In an effort to further optimize the sensitivity, measurements in the UV at 250 nm are also performed. Thanks to careful choice of every component of the optical line (see Sec. II C), in particular the intensifier in the angular line, with a good sensitivity at wavelengths down to 200 nm, it is also possible to acquire data in the UV at such wavelengths. In Fig. 15(a) , an image of the angular Fig. 15(a) , and the orange solid line is obtained by an analytical calculation following the model presented in Refs. [18, 28] . pattern of the vertical polarization of the ODR, saved in the UV, is acquired under the same beam conditions as in Fig. 14(a) , showing a slightly smaller ODR pattern with respect to the visible one. The expected contraction of the ODR pattern with respect to the visible-light pattern leads to an increased sensitivity to smaller beam sizes [17] . In this case the visibility, illustrated in Fig. 15(b) , shows a larger value than that at 400 nm.
As in the case of the OTR measurements, automated quadrupole scans are performed to record the ODR patterns as a function of the current, i.e., the magnetic strength, of quadrupole QM14. Considering the crosscalibration obtained with OTR explained in the previous section, the current in the magnet can be converted to the expected beam size for a given configuration (beam optics) of the accelerator, allowing us to plot the visibility as a function of the beam size. This is shown in Fig. 16 for the 400-nm (red) and 250-nm cases (blue). It can be seen FIG. 16 . Visibility as a function of beam size through OTR cross-calibration at 400 nm (red points) and 250 nm (blue points). The solid lines are analytical calculations following the model presented in Refs. [18, 28] . that the ODR recorded at shorter wavelengths results in an improved sensitivity for small beam sizes, as the variation of visibility is more pronounced and reaches a saturation value at smaller sizes. The solid lines plotted over the two sets of data are analytical calculations following the model presented in Refs. [18, 28] , which takes into account interference between the target and the mask, and show good agreement in the sensitivity for both wavelengths of observation. The difference for large values of σ y can be explained by the fact that the model considers a perfect Gaussian distribution of the beam in the vertical direction, while the real vertical beam profile can be different. The intrinsic limit is around 6 μm for 400 nm, while in the UV at 250 nm this limit is decreased to about 3 μm. This represents a substantial improvement of the ODR resolution limit with respect to the previous published result of 14 μm obtained at ATF2, although with a different instrument [17] . As during the scan of the QM14 quadrupole current we are varying the vertical beam size at the screen location as the beam waist moves across the target, it is possible to extract the vertical beam emittance from the visibility data acquired, converted to beam size [1] . The data and the fit are presented in Fig. 17 for visible light (400 nm, top) and UV (250 nm, bottom). The measured emittance is 33 ± 13 pm and 32 ± 5 pm for 400 and 250 nm, respectively, providing very good agreement with the emittance measured with OTR and simulated with SAD (33 ± 3 pm and 34 ± 3 pm, respectively). The fact that the visible data lead to a larger error in the emittance (i.e., a worse fit shape) compared with the UV measurements is due to the saturation effect at small beam sizes, as can be seen in Fig. 17 for the experimental points between magnetic strengths of −1.8 and −1.4 m −1 . 
IV. CONCLUSION
In this paper, we present noninvasive beam size measurements based on ODR in the visible and UV wavelength range, providing clear experimental proof of the longstanding hypothesis that resolution improves when shorter wavelengths are recorded, at the cost of a decrease in radiation intensity. Measurements are performed at the ATF2 beam line at KEK on a 1.3 GeV electron beam with a micrometer-size transverse beam size. An instrument is developed, with a set of micrometer-scale rectangular slits at its core produced by a process that allows stringent surface requirements to be fulfilled to minimize aberrations down to UV wavelengths and to minimize reflection of SR when used in combination with a mask. We develop a procedure for minimizing stray light and other spurious contributions to achieve optimal measurement conditions. When ODR is recorded in the UV at 250 nm, a beam-size sensitivity down to 3 μm is demonstrated when crosscalibrated with results from OTR under the same beam conditions. Therefore the system is proven to push down 014041-11 the limit of beam size measured with ODR to 3 μm, much smaller then the previous lower limit of this technique of 14 μm presented in the literature [17] , to the knowledge of the authors. We define procedures for stray-light minimization and data analysis that make this technique ready for application, although more technical work needs to be performed in order to streamline and automate them as much as possible in a real operational scenario. We consider ODR as a technique that possesses many interesting features, being noninvasive, sensitive to micrometer-size beams, and relatively inexpensive. As we show in the present paper, ODR and OTR detection can be easily combined in a single instrument, where the superior resolution of OTR can be used to cross-calibrate the ODR visibility with the beam size. For potential utilization in future large-scale low-emittance high-intensity linear accelerators, the combined application of these techniques could be the ideal solution for beam size monitoring: OTR for precision measurements in single-bunch mode for machine commissioning, and ODR for continuous monitoring with high-charge bunch trains in multibunch mode during beam operations.
